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ABSTRACT 


*n:aiismission photoelastic analysis of oGn|x>i'ite ncdls has attracted 
increasing attention in recent years. The interpretation of the photo- 
elastic response in terms of the average (macroscopic) ccnposite stresses 
is more involved than for isotropic models. Methods of determining the 
individual principal stresses (or strcdns) which have been suggested so 
feu: are not satisfactory. In this paper, three new methods are examined. 
The first method is an extension of the oblique inddenoe technique in 
which the model (or the light beam) is rotated about one of the matericd. 
syintetry axes. In the second r.ethod, transmission and reflection photo- 
elastic responses are combined. The third method requires the drilling 
of small holes and the determination of the fringe orders at selected 
points on the hole boundary. The three methods are afplied to an ortho- 
tropic circular disk under diametral oonpression. Results are ocrpared 
with strain gage data. 



nmoDucnoN 


A oonplete stress aiuLLysis and reliable fedlure criteria are essential 
for optinun utilisation of the unique properties of ocnposite materieds in 
structural applications. The case for micromechanics analysis of ocnposites 
is very strong because the materials are heterogenous and exhibit several 
modes of failure. However, micronechanics an2dysis is oorplicated and the 
results from sudi anedysis cannot directly be applied to design. An engi- 
neering or macromechanics analysis of oonposites is, therefore, needed and 
the results from such anadysis have been found to agree well with experimental 
results. FOr the design and auiadysis of oonposite structures on a macro- 
soopic scale, for instamoe in the failure theories siich as the tensor poly- 
ncmiad theory, the individual average oonposite stresses aure required. 

When polarized light is passed throu^ a transparent birefringent 
Gcnposite, the phenomenon on a microsoopic scale is '>/ery ccnplicated. But 
over^adl fringe patterns are observed. Oonsiderable progress has been 
akchieved in the application of transmission photoelastic techniques to com- 
posite orthotropic models in recent yeaurs. The developments in the subject 
have been reviewed by the author.^ The isochronatic fringe order is a 
ocnplex function of the principad stresses (or strains) , their orientati»ons, 
etc. The isoclinic paurameter gives the directions of the principad bire- 
fringence ocm p onents according to a Mohr circle of birefringence. 

Fbr the transmissicrt photoelastic analysis of an orthotropic bire- 
fringent model to yield useful infonnatic:i, methods must be developed to 
determine tlie individuad values of the principal stresses or strains. 

Several methods have already been proposed, such as shear difference, 
mirericad solution of the oonpatibility equation and holography. These 
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methods have been reviewed by the author. Some of these proposed techni- 
ques suffer from the disadvantage that they use the photoelastic revonse 
parti ally and rely on anadytical procedures which either give rise to error 
or are involved. Hie holographic method of oombining isochromatics and 
Isopachics is not feasible for oonposites because of the corplex nature of 
both fa milies of fringes.^ There is consequently a need for a sirple and 
ocnpletely ejcperimental method of detemdning the individual values of 
principal stresses or strcuns. Three such methods aure proposed and examined 
in this paper. 

n RTTJ.TT r; SMAIJ. HOI£S 

In order to determine the magnitudes and directions of the principal 
stresses at a given point in the interior of an isotropic photoelastic model, 
Ttesar^ suggested making a very small circular hole at the point. Referring 
to Fig. 1, the stresses at the points A and C on the boundary of the hole 
of radius a are determined fron the isochronatic fringe orders at these 
points. It can be shown that the principed stress magnitudes, oorxesponding 
to the center of the hole and in the absence of the hole, are given by 

* “a * 3 ’c (1) 

9 

*2" ''c*^'’a 

— S 

This procedure has the disadvantage of depending on the precise determina- 
tion of the boundary stresses at the edge of a snail hole. IXirelli and 
Murr 2 ^^ have overocme this disadvantage by determining the principal stresses 
corresponding to the hole center from the principal stress differences 
measured at interior points. If these interior points on a circle of radius 
2a beyond A and C eure designated as E and F, respectively, then it can be 
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shown that 


a ■ 7 o_ + 15 o_ 

1 E F 

— n — 
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(3) 

(4) 


where ?£ and are the principal stress differences. Ocnpared to Tesar's 
method, the iirproved procedure represented by equations (3) and (4) has 
the disadvantage of larger errors due to stress gradients. 

The author^ has suggest'd ‘-le extension of Tesar's method to birefriri- 
gent o cn p o sites. The state of stress around a circular hole inaoonposite 
plate, subjected to a biaxial loading is quite oonplex in the general case. 
§iitplifications can be irade if the oorposite plate is considered to be sub- 
jected to stresses which act adong the material syimetry axes, as shown in 




^ _When only the stress paredlel to the reinforcenent, Oj, is acting, the 


tangentiad stress on the hole boundary is given by 

2 2 
■k oos 0 + (n+1) sin 9 
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where 
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( 6 ) 
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IrTthe above" equations E is the Young's modulus, G the shear modulus, v the 
Bisson's ratio, L and T the materiad synrvetry axes and 6 the angle measured 


V 

fioh the Oj-direction. "At the "points A and B (0 = 0, tt) 
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and at the points C and D (0 ■ , 3j ) 


"0,0 "“l 


When \die stress perp&)dicular to the reinforcenent, a^, is acting alone* 
the tangenti^d stress on the hole boundary is given by 


0 2 


H 


(k+n) k oos^e - k sin^O 


At the points A and B 


k + n 


®A,B “ k 


and at the points C and D 


"C,D 


Superposing the s'tretsses 2 Uid amd solving for than, 

"l - °D (13) 

n(n+k+l) 

• k(l+n) 

n(nfk+l) (14) 

Vliile the measurenent o£ the isochroinatic fringe order is difficult 
on tile hole boundary and it vould be preferable to irake the measuranent at 
interior points, the analyticed expressions for stresses at interior points 
in an orthotropic plate vd.th a circular hole are not avciilable in a closed 
form. E^<periinents to substantiate this proposed method are described in 


a later section. 


CBUQUE INaDENO: 


In orthotropic birefringent models, the isochronatic fringe order under 
normal incidence of light is related to the principal stresses by the equation 


(o^ oos^a + 0 sin^a) (o^ sin^o + 

. ("i- "jl Sii, 2a 


o. cos' 
2 


where o, , a are the principal stresses, a the angle between a and L 
directions and f_, f_, £__ are the principal stress- fringe V 2 dues. As the 
author^ has pointed out, rotation of the nodel about either of the princip^d 
stress directions is not possible because the principal stress angle, a, is 
not given by the opticcd isoclinic. It is possible to rotate the model about 
either of the principal strain directions* if it is assumed the the isocli- 
nic p 2 u:ameter approximately gives the principal stredn directions. The 
equations resulting from this approach are involved and the procedure is 
very oorplex. It is also necessary, in this e^proach, to directly or 
indirectly determine sane out-of-plane elastic constants. 

Instead of trying to determine the principal stresses or strains directly 
the oblique incidence technique can be adapted to ocrposite models by seeking 
the stress oonponents a_ , o_ and t__, referred to the naterial synmetry axes. 
One of the three equations required for this purpose is equation (15) , which 
can be rewritten ais 


N_ 


{ft-?) -te); 


(16) 


According to the fbhr circle of birefringence, the optical isoclinic para- 
meter, is related to the stress ocrponents by 

2 T, 


tan 2^ 
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(17) 




The third equation required can be obtained by rotating the model about 
the L-axis by 9, as shown in Fig. 2. The oblique incidence fringe order 
is given by _ ^ ^ ^ ^ 


C/ 
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Wiere o^i, T^i,pl are the transformed stress oarponents and 

are the trcuisformed stress-fringe values. While the transformed 
stress ocrponents are given by 


the transformed stress-fringe vedues, due to transverse isotropy, are 


given 


V ^ <20) 


It is therefore possible to rewrite equation (18) as 


“e-oose^(^ 






13]e three stress oonponents can be obtained by solving equations (16 ) , (17) 
and (21) . E)q)erinents verifying the proposed method cire described in a 
later section. 


GCMBINED TRANSIISSia^ AND REFLECTION 
g 

Bie author had proposed, without applications, ocmbining the tran- 
mission and reflection photoelastic methods in order to determine the prin- 
cipal stresses or strains. If the symnetry axes for the corposite nodel 
ooincide with the material synmetry axes and if the loads are applied along 
these directions, then the principal stress and strain directions are the 
sane. Assuming fedthful strain transmission from the ocnposite to the 
coating, the reflected isochranatic fringe order can be expressed as 
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where the superscripts c and s refer to the coating and the caiposite 


( 22 ) 


specimen, respectively, emd is the straiin-sensitivity of the coati n g. 
The transtdtted isochranatic fringe order, N^, given by equation (16) , 
siiiplifies to 


where the positive or negative sign is chosen appropriately to keep the 
fringe order positive. The principal stresses and can be obtained 


fron equations (22) and (23) sls 


h° ^ j - N 
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Dqperiments verifying the proposed method are described in the next section. 

TESTS 


lb verify the proposed experimental methods, three circular disks of 7.6 cm. 
diameter were tested in diametral ocnpression. The disks v^ere machined from 
a unidirectionally reinforced E-glass-polyester laminate. The eleistic and 
photoelastic constants for the mater ied were determined by standard calibra- 
tion procedures and are given in Table 1. 
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On one of the disks, circular holes of 0.3? an. diameter were drilled 
on radial lines parallel and perpendicular to the reinforcement, at locations 
1.27 an. and 2.54 on. from the center. Electricad resistance stradn gages 
were ncunted at similar points diametrically across from the holes. Ihe 
disk was loaded parallel and perpendicular to the reinforcement and strain 
gage readings as well as fringe patterns were recorded. lypicad isochro- 
natic fringe patterns aure shown in Fig. 3. The values of principal stresses 
given by equations (13) and (14) were found to differ from the straun gage 
results by a maxinun of 10 per cent. 

On a second disk, a circular photoelaistic ooatinc; of slightly snadler 
diameter was bor>ded. The disk was again loaded under diametrad oonpression, 
paradlel and perpendicular to the reinforcanent. The iscxrhromatic fringe 
patterns for the coating are shown in Fig. 4. The fringe patterns for the 
oc npo sita disk in trananitted light were adso recorded ais a reflected pat- 
tern from the back of the photoelastic coating. Fringe patterns obtadned 
in this manner are shown in Fig. 5. As birefringent ocrposites incorpo- 
rating glass fibres as reinforcement are usually photoelasticadly in:;.ensi- 
tive, this procedure doubles tl^e maximum fringe order. For ccroarison, 
isochromatic fringe patterns for a third ocnposite disk in transmitted 
light are showri in Fig. 6. All the fringe patterns shown in Figs. 3,4,5 
and 6 correspond to a diametral oonpressive load of 1730 N. The values 
of principed stresses given by equations (24) and (25) were found to differ 
from the strain gage results by a maxinun of 5 per cent. 

Oblique incidence measurements were conducted on the third ocrposite 
disk for which the angle of oblique incidence with the chopped prism arranqe- 
^aent was found to be about 30*. The oblique incidence fringe order was 
oanbined with the normal incidence fringe order and the isoclinic para- 
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^neter by equations (16 ) , (17) emd (21) . The results obtained in this manner 
differed front the strain gage results by a maxirun of 7 per ceit. 

QONCUUGICXG 

Three oonpletely experimental procedures have been proposed and oon- 
pared. In one of the methods, small cixculeu: holes are drilled at the 
point'3 of interest and the isochranatic fringe order at selected points 
on the hole boundaries are measuT^. In the second method a photoel 2 istic 
coating is bonded to the birefringent ocrposite model and the trauisnitted 
and reflected fringe orders are oombined. In the third method, the oblique 
incidence fringe order, obtained by rotating the model or the light beam 
about the materiad. synmetry axis, is oombined with the normal incidence 
fringe order. Tte three methods have been applied to a circular disJc under 
dionetral oorpression, with the load paradlel or transverse to the direc- 
tion of reinforosnent. Ooiparison with strain gage results indicate that 
the method of drilling holes is the least accurate, due to the difficulty 
in determining the fringe order on the boundary of a hole and the stress 
gradient from the hole center to the hole boundary; this method adso 
requires extension to the more generad biaxiad loading vhere the material 
symnetry axes are not the principal stress directions. 

The method of oombining trananitted and reflected isochrcmatic fringe 
orders has the added advauitage of doubling the transmitted photoelastic 
rea^x>nse if it is obtained b^' reflection from the bade of the coating. 
However, the method requires several corrections due to the coating. 

The oblique incidence method is eaisily a^licable to general biaxiad 
loading but the method depends on the isoclinic pauraneter and also yields 
the stress oonponents referred to the material synmetry axes. Use of the 
ch opped prisn restricts the angle of oblique incidence to just one value. 
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Property 

Table 1 ELASTIC AND PHOTOELASTIC PRDPERITES 

OF BIREFRINGaENT OOMPOSnE ^DDEL 

value 

'i. 

r 

28.8 GPa 


9.4 GPa 


3.2 GPa 

\1 

0.3 

Iff 

* » 


156 KPa -nv' fringe 


78 KPa -itv'fringe 


69 KPa-nv'fringe 
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